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Abstract
THE EFFECTS OF EXPOSURE TO EXTREMELY LOW-AMPLITUDE,
LOW-FREQUENCY ELECTRIC FIELDS ON SKELETAL TISSUE, IN VITRO.

In

vivo

experiments

have

demonstrated

(a)

that

transient electrical potentials are induced in impact-loaded
bone, and (b) that bone formation is increased
to

electrical

hypothesized

stimulation.

that,

in

Therefore,

response

to

in response
it

mechanical

has

been

loading,

mechanical energy in bone is transduced into biologically
relevant electrical energy. In order to study the mechanism
through which electric fields may increase bone formation, a
model system was developed were bone cells or bone organ
cultures were exposed to a capacitively-coupled electric
field of low

frequency

(8-25 Hz)

and extremely low

amplitude (estimated 10""^ V/cm in the culture medium) for 30
minutes.

Using this model system it was found that alkaline
phosphatase rich

(ie;

more differentiated) calvarial

cells exhibited a frequency-dependent increase in both
release of mitogen activity into

the culture medium and

cell proliferation with a maximum effect occuring at 16 Hz.
Furthermore, it was found that electric field-stimulated
calvarial cell proliferation was dependent on acute release
of mitogen activity into the culture medium. In addition.
this acute electric field-stimulated release of mitogen

i

activity was independent of de novo protein synthesis but
could be blocked by a calmodulin antagonist.
The effect of electric field-exposure on bone organ
cultures was also examined. Similiar to the effect on cell
cultures,

it was found that electric field exposure

increased both the release of mitogen activity and bone cell
proliferation in embryonic chick tibiae. Electric fieldexposure also increased bone matrix formation in these
embryonic chick tiabiae. Interestingly, it was found that a
30 min/d exposure increased bone matrix formation to a
greater extent than the increase from a constant exposure.
The following hypothesis was constructed to account for
the observed effects of electric field-exposure on skeletal
tissue.

First,

electric field-exposure

stimulates

the

release of a pre-synthesized mitogen (possibly from plasma
membrane-associated vesicles)
osteoblastic)
manner.

bone

cells

The mitogen(s)

from

differentiated

(ie;

in a Ca/calmodulin dependent

thus

released then act on less

differentiated bone cells to increase the rate of cell
proliferation.

This response was associated with increased

phosphorylation of proteins and lipids in the target cells.
The increase in cell proliferation results in an increase in
bone cell number, which, in turn, results in increased bone
matrix formation.
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INTRODUCTION
Of

the

four

basic

forces

(gravitational.

electromagnetic, the strong and weak nuclear forces), it is
the electromagnetic force that is the primary determinant of
how biological systems are organized and how they function.
This statement is based on the fact that, at the molecular
level,

all chemical

reactions are determined by the

interactions between the individual electromagnetic fields
affiliated

with

each

chemical

constituent.

Since

the

majority of biological processes are chemical in nature, it
is not surprising that applied electromagnetic fields would
influence such processes and,

indeed,

experiments have

demonstrated effects of electromagnetic fields on biological
systems (1,2,3,4).
The

effects

of

external

biological systems were
large

amplitude

electromagnetic fields

first observed

with

on

relatively

(approximately 10^ V/cm) fields capable of

ionizing molecules. These ionizing electromagnetic fields
(ie; capable of separating electrons from the parent atom)
would

overwhelm

an

organism's

weaker

intrinsic

electromagnetic fields and would usually cause a range of
deleterious effects, up to and including death. Subsequent
studies have focused on applying electromagnetic fields of
lower amplitude,

designed

to interact with biological

materials by mimicking (or inducing) naturally occuring
electromagnetic fields.

In as much as these externally
1
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applied non-ionizing electromagnetic fields are comparable
to intrinsic biological electromagnetic fields, studies
utilizing these external fields have been used to advance
our understanding of the purpose, or function, of intrinsic
electromagnetic fields and have demonstrated beneficial
applications (5,6,7,8).
An example of the use of non-ionizing radiation for
beneficial purposes is the application of an electric shock
to a fibrillating heart (characterized by occurrance of
random

action

potentials

which

produce

incoherent

contraction of the heart muscle resulting in decreased
cardiac output) to stop the fibrillation and allow the heart
to return to a normal pumping

mode (9). In this case the

electric shock depolarizes the plasma membrane in all the
myocardial

cells of the heart at the same time,

thus

bringing their firing order back into synchrony. In order to
depolarize a

myocardial cell,

overcome

intrinsic

the

electric

the applied field must
field

that

serves

to

polarize the plasma membrane of a myocardial cell. The
naturally occurring electric field in a myocardial cell is
produced by a separation of charges across the cell membrane
(about 10 nm thick) with a voltage difference across the
membrane of about 100 mV.

This arrangement produces a

voltage gradient of about 10^ V/cm and is characteristic of
the voltage gradient across the plasma membrane of many cell
types including osteoblasts (10).
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For many years it was thought that
electromagnetic

field

were

to have

if an applied

any

effect

on

a

biological system it would be necessary to have an amplitude
c

(at least) on the order of the transmembrane potential (10J
V/cm). However, it was subsequently found that extremely low
energy

(about 10”3 V/cm)

surprisingly effective
fractures

electromagnetic fields were

in the treatment of

and pseudoarthroses

successes,

(5,6,7,8).

un-united

These

combined with other studies,

clinical

have led to

increased interest concerning the effects of extremely low
amplitude (less than 10“"3 V/cm) electromagnetic fields on
biological systems-'-. As a result of this increased interest
current studies in this field are primarily concerned with
either

(a)

potentially

electromagnetic

fields

beneficial
on

applications

biological

systems

electromagnetic field-induced fracture repair) or

of
(ie.
(b)

possible deleterious effects of low energy natural and man
made electromagnetic fields (ie, mutations, infertility.
etc) .
Since extremely low-energy electromagnetic fields (less
than 10”3 V/cm)

are not sufficiently strong to depolarize

the cell membrane (which has a potential of approximately
^The energy produced in a biological system by such an
extremely low amplitude electromagnetic field is small, even
in comparison with the background energy produced by thermal
noise. To equal the energy produced by thermal noise
(approximately 2 x 10”^ V), a field of 10 3 V/cm would need
to interact with a biological system over a total distance
of 20 cm).

4
105V/cm) it was not clear how these weak electromagnetic
fields could affect biological systems. Although subsequent
investigations have added pieces to this puzzle, a great
deal of work still needs to be done before we can formulate
a comprehensive molecular or biochemical mechanism to
account for the effects of low-amplitude electromagnetic
fields on biological systems. Nonetheless, the evidence, to
date,

indicates that the cell membrane is the point (or

area) of interaction between electromagnetic fields and
living

systems.

Since

the

best

studied

transmembrane

signaling systems are triggered by humoral stimuli (eg.
extracellular epinephrine can increase intracellular cAMP in
liver

tissue

(11))/

it

is

not

surprising

that

electromagnetic field stimulation of biological systems has
been related to the action of these well characterized
processes (ie; action of

humoral agents). In general terms.

the action of humoral stimuli can be divided into three
steps, and it is thought that the actions of electromagnetic
fields may occur at one or more of these steps. The steps
are: (a) interaction with molecules (e.g. receptors) on the
cell surface (1); (b) transmembrane signaling (12); and (c)
conversion of the transmembrane signal into an intracellular
signal (13).
Several lines of evidence suggest that the action of
electromagnetic fields on biological systems is exerted at
the cell membrane. For example,

evidence supporting the
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membrane hypothesis is the altered parathyroid hormone
action on bone cells in the presence of an electromagnetic
field.

The effect of parathyroid hormone is thought to

involve binding to the extracellular domain of a target cell
membrane receptor, thereby activating the production of
intracellular cAMP.

Interestingly,

when MMB cells

(an

osteoblast-like cell line which respond to parathyroid
hormone) were exposed to a low energy electromagnetic field.
the normal dose-dependence for parathyroid hormonestimulated cAMP production was shifted to the right (ie; the
Km for PTH was greater in exposed cultures than in nontreated cultures) (14). However, the same electromagnetic
field did not effect cAMP production, in the same cell line.
in response to vitamin D3, which acts through a nuclear
receptor. Since the response to parathyroid hormone
acts through a cell membrane receptor)

(which

was effected by

electromagnetic field exposure and the response to vitamin
D3

(which

effected,

acts through a nuclear receptor)
the

data

suggested

that

this

low

was not
energy

electromagnetic field had acted on the MMB cells at the
level of the cell membrane. Further information was obtained
by analyzing the response of these cells

to parathyroid

hormone in terms of the three steps outlined above.
Parathyroid

hormone

binding

electromagnetic field exposure

was

not

altered

by

indicating that the

extracellular component was not modified.

Furthermore,

6
adenylate cyclase, which converts the transmembrane signal
into an intracellular signal

(cAMP),

could be fully

activated (electromagnetic field exposure had decreased cAMP
production) with NaF arguing against an intracellular site
for electromagnetic field interaction.
conclusive,

Although not

with these two steps eliminated,

it was

hypothesized that the electromagnetic field was affecting
the transmembrane signal.
One common characteristic of low-energy electromagnetic
fields that have been shown to elicit an effect

on

biological systems is that the fields are not static, but
vary with time. This has led to speculation that low-energy
electromagnetic fields are coupling with biological systems
through resonance, and indeed this is evident by the
occurrence of frequency "windows" in electromagnetic fieldsensitive biological systems

(1). Amplitude "windows" have

also been observed (15), and, since a given response to
electromagnetic field exposure does not increase linearly
with amplitude (ie? a biphasic response is usually seen).
these electromagnetic field effects are often termed non
linear. Also, the resultant effects of electromagnetic field
exposure usually contain much more energy than the incident
energy that was applied (eg. the binding energy for membrane
bound Ca is greater than the energy

in the applied

electromagnetic field(16)) which indicates that the affected
process(es) is not in equilibrium but in such a state that a

7

small energy input creates a large energy output (ie; the
system is poised in an energy well in such a manner that a
small disturbance sends it cascading down to the bottom of
the energy well). Thusr low amplitude electromagnetic field
effects on biological process (es) are generally thought to
be non-linearf non-equilibrium events.
Regarding the concept of frequency windows, previous
studies demonstrated that rabbits exposed to electromagnetic
fields from 1 to 10 MHz showed changes in their EEG patterns
when the fields were amplitude modulated at 15 Hz, but not
at 5 Hz or 60 Hz (17). In another experiment, when a 147 MHz
carrier wave was employed, modulated at low frequencies,
^5Ca efflux from isolated chick cerebral hemispheres was
increased with modulation frequencies from 9 to 20 Hz, with
a peak at 16 Hz. At lower or higher modulation frequencies
there was no observable effect (18). Addition of NaCN to the
system did not change the

results,

indicating that

electromagnetic field-stimulated Ca efflux was not mediated
by the cytochrome system (and may be due to release of
membrane bound calcium).
field

exposure

on

Ca

The effect of electromagnetic
efflux

was

also

shown

to

be

characterized by an amplitude window. Again, using a 147 MHz
carrier wave, amplitude modulated at 16 Hz, changes in Ca
efflux were observed with a narrow intensity range centered
around 8.3 x 10”^ W/cm2 (19). Combining the above studies,
it

is

interesting

to

speculate that

the effects of

8
electromagnetic field exposure on EEG patterns (and possibly
on biological systems in general) were due to an interaction
between the applied electromagnetic field and a Ca-dependent
process.
Although,

those studies mentioned above utilized a

carrier wave in the MHz range to couple a low modulation
frequency to a biological system,

it has also been

demonstrated that extremely low-frequency fields

(with no

high frequency carrier wave present) can increase Ca efflux
at 16 Hz. The altered Ca efflux occured with field strengths
(calculated in the tissue) on the order of 10“"^ V/cm (20).
In order to limit the possible sources (e.g. mitochondria,
endoplasmic reticulum, etc.) of the Ca efflux following
electric field-exposure, synaptosome preparations were also
exposed to extremely low-frequency electric fields.
Unmodulated or

(60 Hz

amplitude)

modulated

450

MHz

electromagnetic fields had no effect on Ca release but a 16
Hz electric field did increase Ca efflux (21). Together,
these results indicate that electric field-exposure may be
increasing Ca efflux by releasing Ca from membrane binding
sites. In support of this hypothesis, it was also shown that
the increased Ca efflux following a 16 Hz electric fieldexposure occurred more rapidly than the increased Ca efflux
following

CaCl2

addition

intracellular compartments)

(which

releases

Ca

from

(23).

The studies described in this dissertation were intended

9
to further characterize the effects of extremely lowfrequency

electric

specifically,

fields

on

skeletal tissue.

biological

systems,

and

Indirect evidence indicates

that in situ electromagnetic fields

(and/or electrical

currents) may be involed in bone remodeling in response to
mechanical stress. This remodeling occurs in such a manner
as to afford the greatest efficiency for support with a
minimum of material and the pattern of remodeling can be
predicted from the pattern of the stress lines in the bone
(22). Not only does bone realign itself but bone also adds
or subtracts material in response to the type of load (eg.
compression, tension, etc) applied to it. How the bone cells
detect applied loads is unknown but evidence indicates a
possible role of small amplitude electical events. It has
been shown that bone has piezoelectric properties (23,24,25)
and it has been hypothesized that when a mechanical load
deforms a bone, an electrical event is produced that bone
cells are able to detect. (Piezoelectric parameters were
measured in dry,

de-vitalized bone.

have led to speculation that,

Further investigations

in vital bone,

streaming

potentials, rather than piezoelectric potentials may signal
the osteoblast (26)). Although this hypothesis (that stressrelated bone remodeling is mediated by electrical events) is
not proven,

its converse

(that bone remodeling may be

influenced by externally applied electromagnetic fields) has
been clearly demonstrated. The most dramatic demonstration

10
being the use of electrical stimulation to promote healing
of non-union fractures and pseudoarthrosis (5,6,7,8).
Even though the precise mechanism of electrical
stimulation is unknown, previous studies have shed light on
the subject.

In order to mimick the naturally occuring

stress-generated potentials in bone,

those potentials were

measured and found to produce current densities on the order
of 1-10 uA/cm2 (27). When implanted electrodes delivered
currents of this magnitude,

osteoblastic activity

(ie;

alkaline phosphatase activity) was increased at the cathode
and osteoclastic activity (ie; acid phosphatase activity)
was increased at the anode (27). Interestingly, when bone is
mechanically bent, the concave side, where bone formation
occurs, becomes negatively charged compared to the convex
side,

where bone resorption occurs

(28,29).

Therefore,

applied currents of physiologic magnitude do indeed produce
changes in bone comparable to changes produced by mechanical
loading, consistent with the hypothesis that mechanicaldependent bone remodeling is mediated by electrical events.
The types of electrical exposures which successfully
effect changes in bone include direct currents, magnetically
induced currents and capacitively coupled electric fields.
Unfortunately,

because the

surrounding tissue)

structure of

(and

its

is electrically very complex,

the

magnitude and characteristics of

bone

the actual

electical

parameters that occur, and result in cellular responses, at
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the level of the bone cell are unknown.
The goal in these studies was to develop an in vitro
model to study the mechanism through which electric fieldexposure increases bone formation.

Preliminary studies

showed that in vitro exposure to a low amplitude electric
field

(sine

wave

modulated

with an estimated voltage

gradient in the culture medium of 10”^ V/cm) could

(a)

increase bone matrix formation in embryonic chicken and
mouse bones (30), and (b) increase embryonic chicken bone
cell proliferation in a monolayer culture system. Since
osteoblast number has been shown to be the primary
determinant of the bone formation rate (31), the studies
presented were focused on the mechanism(s) of electric field
stimulated bone cell proliferation.

MATERIAL AND METHODS
Materials.
Fitton Jackson modified Diggers, Gwatkins and Judah
medium (BGJ^) and Dulbecco's modified Eagle's medium (DMEM)
were from Gibco.

Culture dishes,

culture plates were from Corning.

24-well,

and 48-well

Collagenase was obtained

from Worthington. Radioactive isotopes (JH-thymidine, JHproline, and -^phosphate) were from New England Nuclear.
Scintillation fluid was Ecoscint from National Diagnostics.
Other materials were of reagent grade and were obtained from
Sigma.

The electric

Packard,

field was

generated by a Hewlett

model 203A variable phase function generator.

Fertile chicken eggs were obtained from Lakeview Poultry
Farm. MC-3T3 cells were a gift from Dr M. Kumegawa, Josai
Dental University, Saitama, Japan.
Methods.
A. Electric field exposure: Cultures of sketetal tissues
were exposed to a low frequency electric field in a parallel
plate capacitor system shown skematically in Figure 1. As
illustrated, two parallel metal plates, separated by tissue
culture wells (approximately 2 cm), were connected to a sine
wave signal generator, creating an electric field between
the two plates. Frequency and intensity parameters were in
accordance with the experimental protocol. Tissue culture
plates containing either bone cells or intact bones, placed
12
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Figure 1. Electric field apparatus. A tissue culture well
is positioned between two metal

plates and a power

generator produces a potential difference between the two
plates, creating an electric field. The estimated voltage
gradient

in the culture medium

is 10”^ v/cm.

(In

comparison, the voltage gradient across the plasma
membrane is 10+^ V/cm.)
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between the metal plates, formed part of a capacitively
coupled stimulation system. The voltage gradient in the
culture medium was estimated to be on the order of 10
V/cm,

_7

many orders of magnitude below estimates of the

transmembrane potential in a typical cell (100 mV across a
10 nm membrane = 10^ V/cm).
B. Estimation of voltage gradient: Voltage gradients in the
tissue culture medium were estimated from the geometry of
the apparatus and the signal level from the generator, as
outlined below. From the model the equivalent electrical
circuit was constructed. This is shown in Figure 2.
For a capacitor, the capacitance, C, is calculated by:
C=keA/d
Where k is the dielectric constant, e is the permitivity of
free space, A is the area of the plates and d is the
distance between the plates. The tissue culture plates are
circular with a radius of 2.6 cm. Therefore:
A=3.1 4(2.6) 2 = 21 cm2
Therefore, from eq. 1, the capacitance of Cl and C2 are:
Cl = 1.0 (8.85 x 10"14) 21/ 1.0 = 1.9 x 10“12 F
02 = 2.8 (8.85 x 10-14) 21/ 0.3 = 1.7 x 10"11 F
The reactance of a capacitor is:
R= 1/2nfC
where f is the frequency and n is pi (3.14). At 16 hz the
reactance of Cl (Rci) is 1010 ohms and the reactance of C2
(RC2) is 10^ ohms. The majority of the impedance in the

16

Figure 2.

The equivalent electrical circuit.

Cl= the

capacitance due to the air gap between the tissue culture
fluid and the top metal plate.

Rm= resistance of the

tissue culture medium (100 ohms/cm). C2= capacitance due
to the plastic which separates the tissue culture fluid
and the bottom metal plate.
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circuit is due to Cl (the air gap between the medium and the
top metal plate). The total impedenance of the circuit will
be:
R - Rcl + R cm + rc2
(where Rm is the resistance of the medium - 100 ohms/cm)
R=1010 +102 + 109 = 1010 ohms
The peak current through the circuit will be:
I=V/R =10/1010 = 10-9 A
The voltage drop across the culture medium will be:
V= Rml = 100 x 10“9 = 10"7 V
Since the tissue culture medium is 1.0 cm deep, the voltage
gradient is 10-7 V/cm.
For purpose of

comparison,

the force exerted on a

molecule with a single charge will be:
F= (10“7 V/cm) (1.6 x 10“19 C/charge) (1.0 cm)
0.01 m
F= 1.6 x 10 24 N
In the experimental apparatus (ie; as desribed above).
the magnetic component of the electromagnetic field is not
significant in comparison with the electric component. In
order to estimate the magnetic component of the field in the

apparatus,
magnetic

the

culture well

field can

then

be

is modeled as a wire.

desribed

by the

The

following

relationship:
B=u0I/2r

where u0 is the permeability of free space, I is the current
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through the dish due to the electric field, and r is the
radius of the culture dish. Therefore:
B= (1.26 x 10 -6 Wb/A x m) (10"9 A)
2(0.026 m)
B= 2.41 x 10 -14 Wb/m^
The force excerted on a single hydrogen atom (since hydrogen
is the smallest atom present, it will have the greatest
velocity and, therefore, experience the greatest magnetic
force) at 37°C would be:
F=Bqv
where q is the charge and v is the velocity of the atom. The
velocity is calculated by the KT thermal noise.
KT=(1.38 x 10 -23 J/°K) (310 °K)
KT= 4.3 x 10"21 J
The kinetic energy of the atom will be equal to its KT
energy.
KT= KE= 1/2 mv2, therefore, v= (2KT/m)^//2
where m is the mass of a hydrogen atom. Therefore,
v= (2 [ 4.3 x 10 -23 J]/l. 66 x 10 -19 kg) l/2= 0.23 m/s
and the force due to the magnetic field will be:
F= (2.41 x 10 -14 Wb/m2) (1.6 xlO-19 C/q) (0.23 m/s)
F= 1 x 10-33 N,
which is 9 orders of magnitude less than the force exerted by
the electric component of the field on an atom with a single
charge.
GENERAL TISSUE CULTURE PREPARATIONS

20

A» Calvarial cell preparation: Embryonic chick calvarial
cells were prepared as described previously (32,33).
Briefly, bone cells are isolated from the calvaria of 15-day
embryonic chicks

by two sequential treatments with

collagenase (1 mg/ml) for 90 min and 60 min. The cells
obtained from the second digest were plated in aliquots,
each containing 70,000 cells in 1.0 ml serum-free DMEM, into
24-well tissue culture plates for measurements of electric
field effects on cell proliferation and/or mitogen release
(described below). The cells obtained from the first digest
were also plated in aliquots, each containing 50,000 cells
in 0.5 ml of serum-free DMEM, into 48-well tissue culture
plates for measurements of mitogen activity in cell
conditioned medium.
Preparations of cultures with different alkaline phosphatase
content.
B. Sequential digest: Calvarial cell cultures were prepared
as described above except that the first digest were also
plated in aliquots containing 70,000 cells in 1.0 ml of
serum-free

DMEM,

into

24-well

tissue

culture

plates.

Alkaline phosphatase activity/protein ranged from 2 to 10
fold greater in the second digest cells compared to the
first digest cells.
C. Periosteal and bone cell preparation: The periosteum was
removed from 15-day embryonic chick calvaria, and both the
periosteal tissues and the resulting periosteum-free
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calvaria were digested (separately) with collagenase. The
two cell preparations were then plated separately, in serumfree DMEM,

at 70,000 cells/ml in 24-well plates for

measurements of cell proliferation, alkaline phosphatase
activity

and

mitogen

release.

Alkaline

phosphatase

activity/protein was typically 5 to 10 fold greater in the
calvarial (bone) cell cultures.
D.

Tibial diaphyseal and epiphyseal cell preparations:

Tibiae from 15-day embryonic chick tibiae were excised and
excess tissue was gently removed with forceps. The tibiae
were then cut at the

growth plates and the resulting

diaphyses and epiphyses were separately digested for 60 min
with collagenase (Img/ml). The isolated cells were plated in
serum-free DMEM in 24-well plates at 70,000 cells/ml for
measurement of cell proliferation, alkaline phosphatase
activity,

and mitogen release.

Alkaline phosphatase

activity/ug protein was 2 to 5 fold

greater in the

diaphyseal cell cultures then in the epiphyseal cell
cultures.
E.

MC-3T3 cell preparations: The osteoblast-like cell line

MC-3T3-E1 was maintained in 10% calf-serum/ DMEM

until

needed. MC-3T3 cells were liberated from tissue culture
plates by trypsination and then replated in 10% calfserum/DMEM
densities

at

densities

(70,000

comparable

cells/ml)

in

to

24-well

calvarial
tissue

cell

culture

plates. After 24 hr the medium was changed to serum-free
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DMEM. At this point the cultures were either (a) treated
with the experimental conditions, or (b) allowed to incubate
for an additional 24 hr before treatment. These pre
incubation conditions influenced the response of MC-3T3
cells to both protein mitogens and electric field exposure
(see Results).
F. Tibiae organ culture preparations: Tibiae were removed
from 13 day embryonic chickens, extra tissue was gently
removed with forceps, and then the tibiae were incubated in
serum-free BGJ. After 24 hr the medium was changed and the
tibiae were then treated to the

experimental conditions.

All cell and organ cultures were incubated at 37°C in 5%
CO2 and air. After an initial 24 hr incubation period, the
medium in the culture wells was changed to fresh DMEM or
reconstituted conditioned medium (described below).

ASSAYS
A. Processing conditioned medium for cell proliferation
assay: Conditioned media were analyzed in two ways:

(a)

aliquots of conditioned medium were added directly to
calvaria cell cultures (in 48-well plates) for determination
of mitogen activity (see below),

or (b) conditioned culture

medium was collected, pooled, and then dialyzed against 150
mM NaCl and then against de-ionized water, in a 12-14 kD
cutoff membrane. The samples were then lyophylized.
reconstituted

in a volume of DMEM equal to the starting
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volume (ie; the volume initially collected) and then tested
for mitogen activity in the cell proliferation assay.
B. Cell proliferation assay: As an index of the rate of cell
proliferation in our monolayer culture systems, we measured
the incorporation of ^H-thymidine into DNA as previously
reported (32,33,). Briefly, 16 hrs after application of test
conditions, ^H-thymidine was added to a final concentration
of 1.5 uCi/ml in the culture medium. Two hrs later the
labeling medium was removed and the cell layer was rinsed
with

phosphate buffered saline, pH 7.4. In each well the

cell layer was individually swabbed with a cotton swab
dipped in 12.5% TCA.

The cotton swabs

(with trapped

macromolecules, including DNA) were then washed twice with
12.5% TCA (10 min each) followed by a 10 min wash with 95%
ethanol. After the cotton swabs air dryed, the cotton ends
were clipped into scintillation vials,

scintialltion

cocktail added and then counted in a scintillation counter.
At least

six replicate samples were analyzed for each

experimental condition, including untreated controls, and
mitogen activity was determined as an increase in the amount
of ^H-thymidine incorporation,

compared to untreated

controls (ie; control cultures were processed in parallel to
electric field exposed cultures).
C. Cell proliferation assay in tibiae organ cultures: Groups
of 15-day embryonic chick tibiae were incubated in serum
free DMEM. The bones were treated as indicated and then

's
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thymidine was added to the culture medium to a final
concentration of 0.2 uCi/ml for the final 24 hr. For short
term labeling the ^H-thymidine was added to a final
concentration of 2.0 uCi/ml. After the indicated labeling
period,

the

labeled bones were

rinsed

with

phosphate

buffered saline, pH 7.4, and then individually demineralized
overnight with 12.5% TCA (this procedure also precipitates
macromolecules, including DNA, onto the bone matrix). The
following day the bones were rinsed with 12.5 TCA and
hydrolyzed in 2 N NaOH at 65°C. An aliquot was then counted
in

a

scintillation

counter

as

an

index

of

cell

proliferation.
D. Measurement of bone matrix formation: Our bone matrix
formation assay was adapted from previous procedures

(34).

Briefly, groups of tibiae from 13 to 15 day old embryonic
chicks were incubated in 10 ml of serum-free BGJ^ in 65 mm
tissue culture dishes. The bones were exposed to the
electric field for an indicated period, and then JH-proline
was added to the culture medium to a final concentration of
1 uCi/ml. After an addditional 24 hr the radioactive culture
medium was removed and the bones were extracted with either
20% butanol-water mixture or 0.05% triton X-100 for 2-4 days
at 4°C
marker

(alkaline phosphatase activity - an osteoblastic
was determined

in these extracts).

After

extraction the bones were dried, weighed and hydrolyzed in 6
M HC1 (24 h at 100°C). After the hydrolyzed samples were
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evaporated to dryness, the residues were reconstituted with
0,3 ml distilled water. Aliquots were subjected to thinlayer chromatography (silica plates with de-ionized water)
to separate amino acids

including

JH-proline from

H-

hydroxyproline. The positions of non-radioactive amino acid
standards were determined with ninhydrin and corresponding
regions were scraped from the thin-layer chromatography
plate for each sample. These fractions were analyzed in a
•3

scintillation counter and the amount of JH-hydroxyproline
was used as an index of the rate of bone matrix formation.
This assay assumes that incorporation of 3H-proline and its
posttranslational modification into JH-hydrxoyline reflects
the synthesis of collagen.
E. ^Pi incorporation assay: Twenty-four hrs after plating.
chick calvarial cells in 24-well plates were washed with
labeling buffer (phosphate-free Hanks balanced salt solution
with 20 mM Hepes, pH 7.4) and then pre-incubated for 90 min
with labeling buffer containing 0.5 mCi/ml carrier-free ^Pi
and 2.5 ug/ml actinomycin D (to inhibit incorporation into
RNAs) • The cultures were then either (a) exposed to a 16 Hz
electric field (direct effect of electric field-exposure) or
(b) the medium was replaced with conditioned medium from
previous 16 Hz treated cultures (indirect effect of electric
field-exposure). After 10 min the cultures were stopped by
rinsing 3x with ice-cold Pi-buffered saline. The cells were
then solubilized with 300 ul of RIPA (1% Nonidet P-40, 1%
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sodium deoxycholate/ 0.1% SDS, 0.15 M NaCl, 0.01 M sodium
phosphate pH 7.0, 1% Trasylol) supplemented with 2 mM EDTA
and 20 uM vanadate. After scraping with a rubber policeman.
the cell extracts were transferred to microfuge tubes and
spun for 15 min in a Beckman microfuge (to remove nuclei).
The supernatant was transferred and 100 ul of 1 mg/ml bovine
serum albumin added (to facilitate precipitation). Ice-cold
trichloroacetic acid was added to a final concentration of
12.5%, the samples were spun for 15 min at 4 °C, and the
supernatant discarded. After three TCA washes the pellet was
then washed 3x with 1 ml of chloroform:methanol (2:1). The
supernatants were collected and an aliquot counted (^^Pi
incorporation into lipid).

The remaining pellet was
-3 O

resuspended with 0.1 M NaOH and an aliquot was counted (-^Pi
incorporation into protein).
F. Alkaline phosphatase activity assayr'Cell cultures (in
24-well tissue culture plates) were extracted wtih 200 ul
per well of 0.05% triton X-100. Aliquots were then added to
a cocktail such that the final contents contained a 10:3:7
ratio of 0.5 M carbonate buffer, pH 10.3, 0.1 M MgCl2 and
distilled water. The substrate, para-nitophenyl phosphate
(PNPP), was then added to a final concentration of 10 mM in
the cocktail. Alkaline phosphatase activity was determined
by the time-dependent change in the optical density at 405
nm (maximum absorption wavelength of the product,

PNP) and

one unit of activity was defined as the amount of enzyme
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needed to convert one umole of PNPP to PNP per min at room
temperature.
G. Protein determination: Protein concentration in cell
extracts were determined by the dye binding method of
Bradford (35).
H.

Statistical analysis:

All data are presented as the

average of replicates +/~ either one standard deviation (SD)
or

one

standard error

of the mean

(SEM).

Tests for

significance were made using Student's two-tailed t-test.
Because inter-assay variations were greater than intra-assay
variations, only direct comparisons have been made between
data derived from single tissue preparations. All results
have, however, been repeated with at least two different
tissue preparations.

RESULTS
I. Chick calvarial cells.
Data from preliminary experiments indicated that
embryonic chick tibiae could respond to a low amplitude, low
frequency electric field characterized by increased matrix
formation. It was also demonstrated that cell proliferation
in both tibiae organ cultures and in

monolayer calvarial

Because osteoblast number is

cultures was increased (30).

thought to be the primary determinant of bone formation rate
(31), these studies were aimed at elucidating the effects of
electric field-exposure on cell proliferation.
A.
Frequency response for cell proliferation:

To further

characterize the mitogen action of electric field exposure.
the frequency
exposure on

dependence of a 30 min electric field

chick

calvarial

cell

proliferation

was

investigated. As shown in Figure 3a • r when monolayer, serumfree cultures of embryonic chick calvarial cells were exposed
to this low amplitude (estimated 10”^ V/cm in the culture
medium) electric field for 30 min and cell proliferation
assessed 18 hr later by ^H-thymidine incorporation into DNA,
a frequency-dependent increase in

cell proliferation with a

peak frequency near 16 Hz was observed. The frequency window
(ie;

those frequencies which produced a response above

control) extended from 10 to 22 Hz and appeared to be

28
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Figure 3a.

Frequency response for cell proliferation.

Chick calvarial cells were exposed for 30 min to an
electric field oscillating at 8, 12, 16, 20 or 24 Hz and
then cell proliferation was assessed 18 hrs later (by
thymidine incorporation into DNA).

Results are expressed

as percentage of non-treated controls +/" SEM (1035 +/~
147 cpm, n = 6).

Figure 3b.

Frequency response for cell proliferation.

Chick calvarial cells were exposed for 30 min to an
electric field oscillating at 14, 16, 18, 20 or 22 Hz and
then cell proliferation and protein content were assessed
18 hrs later. Results are expressed as percent of nontreated controls +/- SEM (570 +/- 70 cpm, n = 6).
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symmetrical about 16 Hz. In another experiment (Figure 3b),
with similiar conditions as above except for smaller
frequency spacings, the observed peak frequency was at 18 Hz.
Repeated experiments have indicated that the peak frequency
response can change by a few hertz between experiments, but
the peak frequencies were generally between 16 Hz and 18 Hz.
To confirm that increased ^H-thymidine incorporation
represented increased cell proliferation,

DNA content along

with -^H-thymidine incorporation was measured in cultures
exposed to a 16 Hz electric field. Eighteen hrs after a 30
min exposure to the electric field, 3H-thymidine and DNA
content were increased 45 +/- 25% (p<.01) and 60 +/- 19%
(pC.001), compared to non-exposed controls, respectively.
B.
Frequency response for mitogen release: Because it has been
shown that conditioned medium from chick calvarial cell
cultures contain mitogen activity (36), the mitogen activity
in conditioned medium from calvarial cell cultures that had
been exposed to the

electric field was

compared with

conditioned medium from non-exposed controls.
experiment

monolayer,

In this

serum-free cultures of

chick

calvarial cells were exposed for 30 min and conditioned
medium was collected 16 hrs later. The conditioned medium
was dialyzed, dried, reconstituted with DMEM (the volume
added was equal to the initial volume of conditioned medium
collected) and then the processed conditioned medium was

32
added to fresh calvarial cell cultures to evaluate the
mitogen activity content by effects on cell proliferation.
As shown in Figure 4 • r electric field-exposure increased the
amount of mitogen released into the conditioned medium in a
frequency dependent manner.

Even though

response curve was not symmetrical,

the

frequency

the observed frequency

peak at 16 Hz for mitogen activity released into the
conditioned medium was similiar to the frequency peak for
cell proliferation

(compare to Figure 3a).

Because the

dialysis membrane that was used had a molecular weight
cutoff of 10-12 kD, the data also suggest that the active
substance in the conditioned medium following electric field
exposure is larger than 10 kilodaltons.
C.
Conditioned medium dependence: Because the data indicated
that

electric

fie1d-exposure

increased

both

cell

proliferation and mitogen activity in the conditioned medium
approximately 18 hrs after exposure,
possibilities were considered:

(a)

the following two

electric field-exposure

increased cell proliferation such that the increased mitogen
activity in the conditioned medium was secondary to the
increase in cell number,

or (b) electric field-exposure

acutely increased the amount of mitogen activity in the
culture medium and, the increased levels of mitogen(s), then
increased cell proliferation. Two experiments were conducted
to distinguish between these two models. First, we exposed
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Figure 4. Frequency response for mitogen release. Chick
calvarial cells were exposed for 30 min to an electric
field oscillating at 8f

12,

16,

20 or 24 Hz and then

conditioned medium was collected 16 hrs later. The
collected conditioned medium was tested in fresh calvarial
cultures for mitogen activity. Results are expressed as
percent of mitogen activity in conditioned medium from
non-treated controls +/- SEM (312 +/- 29 cpm, n=6).
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replicate groups of chick calvarial cells to the electric
field

(at

16 Hz)

for

the first

30

min of

an 18 hr

incubation, but in this case, the conditioned medium was
directly transferred to otherwise untreated calvarial cell
cultures at different intervals after termination of
electric field exposure. As shown in Figure 5 • t conditioned
medium from cells exposed to the electric field,
0.5

to 3.0 hrs after exposure.

collected

contained more mitogen

activity than conditioned medium from parallel cultures of
non-exposed cells. Furthermore, the increase in mitogen
activity was maximal 0.5 hrs after exposure to the electric
field.

Therefore,

increased mitogen

release

following

electric field-exposure occurred relatively early (within 30
min) in the 18 hr incubation time, supporting the second
mechanism proposed.
If electric field-stimulated cell proliferation were
dependent on increased mitogen release into the culture
medium,

then changing the culture medium shortly after

exposure (which would remove the increased levels of mitogen
activity in the culture medium) would be expected to abolish
the concomitant increase in cell proliferation. When the
conditioned medium was transferred to test for mitogen
activity (as described above), fresh medium was added back
to

the

electric

field-treated

cultures.

When

cell

proliferation was measured (18 hrs later) in those cultures,
cell proliferation was not increased. This is shown in
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Figure 5.

Mitogen release into culture medium.

Chick

calvarial cells were exposed for 30 min to a 16 hz
electric field. After 0.5, 1.0, 2.0 or 3.0 hrs after
termination of electric field exposure, conditioned medium
was transferred to fresh cultures and cell proliferation
(ie; mitogen activity) was assessed 18 hrs later. In panel
A the results are expressed as percent of non-treated
control +/" SD. (Each time point has its own control). In
panel B the data are replotted by subtracting the
increased mitogen activity from the previous time point
and expressing the replotted data as percent of control
+/“ SEM (This would give the increased mitogen content for
each time interval).
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Figure 6. In fact, the electric field-treated groups had
decreased rates of cell proliferation which would strongly
argue against a direct effect of electric field-exposure to
increase cell proliferation. Together,

these data indicate

that electric field-exposure acutely increased release of a
mitogen(s)

which

subsequently

acted

to

increase

proliferation.
D.
Time

course

for

electric

fie Id-stimulated

cell

proliferation: Since the mitogen activity released into the
conditioned medium after electric field-exposure had an
apparent molecular weight of 10 kDa or greater,

it was

speculated that the mitogen was proteinaceous in nature.
Because many protein mitogens increase DNA replication
between 12 to 24 hrs after addition to cell cultures, the
time course for electric field-stimulated cell proliferation
was

investigated to

determine

if

the time course was

consistent with the hypothesis that electric field-exposure
acutely released a mitogen(s) which resulted in increased
cell proliferation 12 to 18 hrs later.

Chick calvarial

cells were exposed to the electric field for 30 min and
then,

at various

time points,

cell

proliferation was

measured by assessing incorporation of JH-thymidine (2 hr
label) into DNA. As shown in Figure 7,

electric field-

stimulated cell proliferation occurred with a peak at about
18 hrs after exposure,

consistent with the hypothesis that
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Figure 6. Effect of changing culture medium after electric
field exposure. After transfer of conditioned medium (see
Figure 5), fresh medium was added back to the electric
field treated cultures and cell proliferation was assessed
18 hrs later (by ^H-thymidine incorporation). Results are
expressed as percent of non-treated

controls +/- SD.
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Figure 7. Time course for electric field-stimulated cell
proliferation. Chick calvarial cells were exposed to 16 Hz
electric field for 30 min and then cell proliferation was
assessed at various time points ( 2 hr JH-thymidine label
centered around the indicated time point). An aliquot of
conditioned medium was also collected at the various time
points

and

tested

for

alkaline

phosphatase

activity.

Results are expressed as percent of non-treated controls
+/“ SD. (Control values were 728 +/-11 9, 962 +/ - 149, 446
+/”24, 299 +/- 59 at 5, 11, 17, and 23 hrs, respectively.
n=6)
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electric field-exposure acutely caused increased mitogen
release, which in turn, caused increased cell proliferation.
A time-dependent effect of electric field-exposure on
the amount of alkaline phosphatase activity in the cell
conditioned medium

(Figure 7) was also found. The time

course for the effect on alkaline phosphatse activity in
conditioned medium generally paralleled the time course for
electric field-stimulated cell proliferation.
Interestingly, when 0.5 mM EDTA was added to the culture
medium just prior to electric field-exposure, the effects of
electric field exposure (ie; increased cell proliferation and
increased alkaline phosphatase activity in the conditioned
medium)

were abolished.

In the presence of 0.5 mM EDTA

electric field-stimulated ^H-thymidine incorporation was only
100

+/” 13%

of

control

and

electric

field-stimulated

alkaline phosphatase activity (in the culture medium) was
only 127 +/- 24% of control (both 17 hr after exposure).
Since EDTA binds to di-valent metal ions (and particularly
calcium) and reduces their effective concentrations, these
data suggest a possible role for extra-cellular di-valent
metal ions in the mechanism of in vitro electric fieldstimulated cell proliferation.
E.
Dependency on differentiation for electric field-effect in
chick cells.

The data has showen that electric field-

stimulated cell proliferation was dependent on electric
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field-stimulated mitogen release into the culture medium.
However, because the calvarial cell cultures that were used
were a heterogeneous mixture of osteoblast-like cells in
different

states of differentation.

the data did not

indicate whether all of the cells in the cultures were
responding to electric field-exposure or a subpopulation of
cells were responsible for the effect.

Since previous

studies have demonstrated a positive correlation between
mitogen activity in chick cell conditioned medium and the
extent

of

osteoblast

differentiation

alkaline phosphatase activity of

the

(as

reflected by

cells

(36)),

the

(potential) correlation between the alkaline phosphatase
content of the chick bone cell cultures and the mitogenic
response to electric field exposure was examined. Using
sequential collagenase digestions,

chick calvarial cell

cultures were prepared with different amounts of alkaline
phosphatase activity.

The alkaline phosphatase activity in

the second digest cells was approximately 5-10 fold greater
When the cultures were

than in the first digest cells,
exposed

for

30

min

to

the

electric

field and cell

proliferation assessed 18 hrs later, as shown in Figure 8 • f
cells from the second collagenase digest
alkaline phosphatase content)

(which had higher

exhibited increased

cell

proliferation in a frequency dependent manner whereas cell
proliferation was not increased in the first digest
following electric field-exposure.
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Figure 8.

Differentiation-dependence for electric field-

stimulated

cell

proliferation.

Calvarial

cells

were

prepared by sequential collagenase digestions of 90 min
(D-1)

and

then

60

min

(D-2).

The

separate

cell

preparations were exposed for 30 min to an electric field
oscillating at either 8, 12, 16, or 20 Hz and cell
proliferation was assessed 18 hrs later (by ^H-thymidine
incorporation).

Results

are

expressed

as

percent

of

control +/*" SEM. (516 +/” 72 and 912 +/“ 105 for D-l and
D-2, respectively, n=6).
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To determine if the alkaline phosphatase dependence of
electric field-stimulated cell proliferation was unique to
calvarial cells, cultures of different alkaline phosphatase
content were also prepared by isolating cells from the
cartilagenous metaphyseal ends and from the more bone-like
diaphyseal shafts of embryonic chick tibiae. The diaphyseal
cells had approximately 5 times more alkaline phosphatase
activity/mg cell protein than metaphyseal cells. The two
cell cultures were exposed to a 16 Hz electric field for 30
min and (18 hrs later) cell proliferation was assessed by
both ^H-thymidine incorporation and DNA measurements. As
shown in Table 1 • r and consistent with the previous results
from the calvarial cell

cultures,

those cultures with the

higher alkaline phosphatase content responded to electric
field-exposure with increased cell proliferation, whereas
the low alkaline phosphatase cultures did not show increased
cell proliferation.
F.
Dependence of electric field-stimulated mitogen release on
protein synthesis: Because the increase in mitogen activity
in conditioned medium from electric field-exposed cells
occurred fairly rapidily (within 30 min from termination of
electric field-exposure),

it was reasoned that the released

mitogen activity was probably not newly synthesized. To test
this hypothesis mitogen activity was measured in conditioned
medium from cell cultures to which 100 uM cycloheximide had
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Table

1.

Electric

field

exposure

increased

cell

proliferation and mitogen activity release in alkaline
phosphatase rich bone cell preparations.

Bone cells were

liberated by collagenase digestion and grown in serum-free
DMEM as described in METHODS. Eighteen hours after a 30
min electric field exposure cell proliferation was
assessed (by ^H-thymidine incorporation (^H-TdR)) • Also,
conditioned culture medium (CM) from parallel cultures was
removed for determination of mitogen activity. Results are
expressed as percentage of non-treated controls. Alkaline
phosphatase (ALP) activity/ug protein (one unit of ALP
activity was defined as the amount of enzyme needed to
convert one umole of PNPP to PNP, in one minute at room
temperature) was determined in samples of cell extracts at
the end of the 18
bone

cell

hr incubation, and used as an index of

differentiation.

percent of control +/“ SD.

Results

are

expressed

as
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Table 1.

cell type
TIBIA
Diaphysis

EF-stimulation
(percent of control)

ALP activity
units per
ug protein
(x 103)
47 +/- 16

CMa

3H-TdRb

141 +/“ 35%
p<. 05

149 +/“ 5%
p<. 01

4 +/-

1

96 +/" 27%
NS

110 +/“ 12%
NS

132 +/“

9

160 +/“ 15%
p< .001

177 +/“ 20%
p<. 001

Periostial

13 +/-

1

119 +/- 16%
NS

92 +/“ 25%
NS

Digest 2

61 +/“ 23

136 +/- 29%
p<. 02

144 +/- 28%
p<. 01

Digest 1

10 +/“

Epiphysis
CALVARIA
Bone

4

80 +/NS

5%

111 +/- H%
NS

o

a. Effect of CM to increase JH-thymidine incorporation
in otherwise untreated cultures.
b. Effect on cultures directly exposed to the electric
field.
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been

added

before

the

electric

field

exposure.

As

anticipated, cycloheximide reduced new protein synthesis
(measured by ^H-proline incorporation)

by 90%.

Cell

conditioned medium, collected 30 min after termination of
electric field exposure, was dialyzed (to remove the
cycloheximide), dried, and reconstituted before measurement
of mitogen activity was made. As shown in Table 2 • r
cycloheximide did not reduce the amount of mitogen activity
released into the conditioned medium following electric
field-exposure. These data suggest that release of mitogen
activity from the cell cultures is not dependent on new
protein synthesis and imply that the mitogen(s) involved may
be stored and ready for acute release.
G.

Calmodulin dependence of electric field-stimulated mitogen
release: Since the data (Figure 7) indicated that electric
field-stimulated cell proliferation was dependent on the
calcium concentration in the culture medium it was
speculated that the mechanism of electric field action might
involve changes in calcium flux across the cell membrane.
and that the calcium binding protein calmodulin might also
be involved in mediating the effects of electric fieldstimulation.

To test this hypothesis (that electric field-

stimulated cell proliferation was dependent on calmodulin).
the effect of trifluoroperazine (a calmodulin antagonist) on
electric field-stimulated mitogen release was assessed. As
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Table 2. Effects of inhibitors on electric field-stimulated
cell proliferation and mitogen release. Embryonic calvarial
cells were plated in serum-free DMEM as described in
Methods. Thirty minutes prior to electric field exposure
(16 Hz,

30min) either 0,

lOOuM cycloheximide or 10 uM

triflouroperazine (TFP) were added to the cultures. Thirty
minutes after exposure, aliquots of conditioned medium were
removed, dialyzed and tested for mitogen activity. Eighteen
hrs after electric field exposure JH-thymidine was added to
assess cell proliferation. Results are expressed as cpm per
culture well (mean +/“ SEM) and as percent of control (ie;
values in parentheses, mean +/~ SEM.)
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Table 2.
EF-stimulation
(percent of control)
inhibitor
control
0

^H-thymidine
incorporation3
750 +/- 132 cpm

mitogen activity
in CM^
811 +/” 108 cpm

992 +/" 132 cpm
(133 +/- 8%)
p< .05

1322 +/“ 363 cpm
(163 +/“ 10%)
p<. 001

cycloheximide

771 +/- HO cpm
(109 +/- 7%)
NS

1322 +/“ 363 cpm
(171 +/“ 19%)
p<. 01

TFP

813 +/“ 180 cpm
(111 +/“ 9%)

736 +/" 241 cpm

NS

(69 +/“ 9%)

NS

a. Effect on cultures directly exposed to the electric
field.
b. Effect of CM to increase ^H-thymidine incorporation
in otherwise untreated cultures.
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shown in table 2,

trifluoroperazine inhibited electric

field-stimulated cell

proliferation.

Interestingly,

trifluoroperazine also inhibited the release of mitogen
activity

into

the

conditioned

medium.

Because

triflouroperazine blocked electric field-stimulated mitogen
release (which would also abolish any concomitant increase
in cell proliferation)

it could not be determine if

increased cell proliferation from mitogen activity released
into

the conditioned medium also required calmodulin.

H.
E_lect _r_ic

f Ae Id-expos; uxe

e.f f ectp

o 9

on

——Phosphate

incorporation: Because the biochemical pathway for

mitogen-

stimulated cell proliferation typically involves protein
phosphorylation (ie; protein kinase activity) and since the
data presented here had shown that electric field-stimulated
cell

proliferation

was

inhibited

by

EDTA

and

by

trifluoroperazine (which suggest a dependence on calcium and
calmodulin, both of

which can activate protein kinase C),

the effect of electric field-exposure on J^Pi incorporation
as

an

index

of

effects

on

cell

phosphorylation

was

investigated. Interestingly, even though the data (Table 2)
had indicated the electric field-stimulated mitogen release
was dependent on calmodulin (ie; electric field-stimulated
mitogen release was blocked by trifluoroperazine)

electric

field-exposure

on

had

no

direct

(acute)

effect

incorporation into either proteins or lipids.

^^Pi

Because total
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protein

and

total

lipid

phosphorylation

was

measured,

phosphorylation of a specific protein and/or lipid would not
have been detected. However, the conditioned medium from
electric

fie1d-exposed

cultures

did

increase

^Pi

incorporation into both protein and lipids when compared to
conditioned medium from control cultures (ie; not exposed to
the electric field). These data are summarized in Figure 9.
II. Cell line.
(I) .
Effects of electric field-exposure on MC-3T3 cells: In order
to determine whether the observed effects might be unique to
chicken

(or avian)

bone cells,

the effects of electric

field-exposure on the transformed mouse osteoblast cell line
MC-3T3-E1 were also determined. There were two additional
reasons for this choice.

First,

preparations of chick

calvarial cells contain a heterogeneous population of cells
(which can result in inter-assay variations), therefore, the
use of a homogeneous cell population would reduce variations
between assays and facilitate interpretation of the results.
Second, specific assays for protein factors were readily
available that were specific for mouse peptides

(ie;

chick

peptides could not be measured). In the initial experiments
with MC-3T3 cells, MC-3T3 cells were plated in 10% calfserum in DMEM, 24 hrs later the medium was changed to serumfree DMEM and the cultures were incubated for 24 hrs before
being subjected to electric field-exposure. As shown in
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Figure 9. Electric field effects on ^Pi incorporation.
Chick calvarial cells were pre-labeled for 90 min with
■^Pi. The cultures were then treated for 10 min with
either (a) direct exposure to a 16 Hz electric field, or
(b) conditioned medium from previous exposed cultures.
•^Pi incorporation into protein and lipid was assessed.
Results are expressed as percent of controls +/~ SEM.
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Figure 10 • / a 30 min exposure to a 16 Hz electric field
caused

subsequent

increases

in

both

^H-proline

incorporation and cell protein (ie? 18 hrs later) compared
to non-treated controls. Interestingly,

even though

thymidine incorporation was not increased,

the conditioned

medium (from the electric field-treated MC-3T3 cultures).
contained more mitogen activity, compared to non-treated
controls
calvarial

(note:

mitogen activity was assayed in chick

cells).

Thus,

even

though

MC-3T3

cell

proliferation was not increased, there was an increase in
mitogen activity in the conditioned medium.
J.

Culture condition effects on MC-3T3 cell proliferation: The
previous results were puzzling since increased mitogen
activity in the conditioned medium would be expected to
increase cell proliferation, but, it was not observed in the
experiment. Upon further investigation, it was found that
the time interval that the MC-3T3 cells were cultured in
serum-free medium affected their response. As shown in
Figure 11 • / if the MC-3T3 cells were treated with either
human bone extract

(HBE;

which can either stimulate or

inhibit MC-3T3 cell proliferation depending on the assay
conditions) or electric field-exposure, 30 min after
changing the culture medium

to

serum-free medium,

an

increase in cell proliferation 18 hrs later was observed. If
the cells were allowed to incubate for 24 hrs in the serum-

58

Figure 10. Electric field response of MC-3T3 cells. MC-3T3
cells were exposed for 30 min to a 16 Hz electric field
and then 18 hrs later various parameters were assessed.
Protein content was determined by the Bradford dye-binding
method (36). Cell proliferation and protein synthesis were
determined by incorporation of ^H-thymidine (TdR) and
proline, respectively. Aliquots of conditioned medium were
collected and tested for mitogen activity in chick cell
cultures (CM). Results are expressed as percent of control
+/- SD.
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Figure 11. Effects of culture conditions on EF-stimulated
cell proliferation in MC-3T3 cultures,

MC-3T3 cells were

initially plated in 10% calf-serum for 24 hrs. The medium
was

changed

exposed

0.5

exposed

24

to
hr
hr

serum-free
later

conditions

experimental

later

to

and

either

conditions,

experimental

or

(a)
(b)

conditions.

Experimental conditions were either, (a) a 30 min exposure
to a 16 Hz electric field (EF), or (b) the addition of 1.0
ug of human bone extract (HBE, an extract of bone matrix
with mitogen activity on chick calvarial cell cultures).
Cell proliferation was assessed 18 hrs after termination
of 30 min electric field exposure
incorporation).
control +/- SEM.
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free medium before treating the cells with either HBE or
electric field-exposure,

either no effect or an inhibition

of cell proliferation was observed. Thus, the incubation
conditions (which presumably affect the state of the cell)
are influential in determining the effect of electric fieldexposure.
K.
Frequency response for MC-3T3 cell proliferation: Since MC3T3 cells could respond to electric field-exposure, the
response

was

further

charaterized

by

determining

frequency dependency for MC-3T3 cell proliferation.

the

MC-3T3

cells were plated in 10% serum-DMEM, the medium was changed
(24 hrs later) to serum-free DMEM and then, 30 min later.
the cell cultures were exposed to the electric field. The
exposures were for 30 min and ^H-thymidine incorporation was
measured 18 hrs later. As shown in Figure 12 • / a frequency
response was observed similiar to that with chick calvarial
cells but the frequency curve was shifted to the right
resulting in a maximal response at 20 Hz instead of 16 Hz.

III. Organ culture
L.
Electric field effects on bone matrix formation: Because (a)
electric field-exposure increased bone cell proliferation
and (b) osteoblast number has been shown to be the primary
determinant of bone formation rate (31),

the effects of
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Figure 12. Frequency response for MC-3T3 cells. MC-3T3
cells were plated in serum and then 24 hrs later the
medium was changed to serum-free medium. Thirty minutes
after changing the medium the cells were exposed to an
electric field oscillating at 10, 15, 20, or 25 Hz. Cell
-5

proliferation was assessed 18 hrs later (by JH-thymidine
incorporation).
control +/~ SD.
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electric field-exposure on bone formation,

using embryonic

chick tibiae, was investigated. In this study two exposure
regimes

(both serum-free conditions)

were

used?

(a)

a

constant exposure to the electric field for 3 days, or (b)
30 min exposures applied daily for 3 days. When bone matrix
formation was measured (ie; JH-proline incorporation into
collagen) on the third day, and as shown in Figure 13 • /
increased bone matrix formation with both treatments was
found. Surprisingly, we found a greater increase with the 30
min/d exposure regime than with a constant exposure to the
electric field.
M.
Electric field-effect on mitogen activity in conditioned
medium from bone organ cultures: Over a 3 day period, chick
tibiae were exposed daily (for 30 min) to our 16 Hz electric
field. As in the previous studies, increased JH-proline
incorporation was observed. Increased mitogen activity in
the conditioned medium from the electric field-treated
tibiae (compared to conditioned medium from non-treated
tibiae) was also observed. Furthermore, when the tibiae were
extracted for alkaline phosphatase,

electric field-treated

bones contained more alkaline phosphatase activity than
untreated controls. These results are shown in Figure 14.
N.
Time course for mitogen release from bones: When chick
tibiae were exposed to the 16 Hz electric field (for 30 min)
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Figure

13.

Electric

fie1d-stimulated

bone

matrix

formation. Thirteen day old embryonic chick tibiae were
exposed to a 10 Hz electric field either (a) constantly,
or (b) for 30 min/d over a 3 d period. ^H-proline was
added to the cultures for the last 24 hrs. Bone matrix
formation was assessed by JH-proline incorporation into
^H-hydroxyproline. Results are expressed as percent of
control +/- SEM (7269 +/“ 357, n=12).
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Figure 14. Effect of electric field-exposure on alkaline
phosphatase activity in bone.

Thirteen day old chick

tibiae were exposed over a 3 d period at 30 min/d to a 16
Hz electic field.
^H-proline

Bone matrix formation was assessed by

incorporation

between

48

and

72

hrs.

Conditioned medium (CM) was collected at the end of the 3
d incubation period and tested for mitogen activity on
chick calvarial cells. Alkaline phosphatase

(ALP) was

extracted from the bones and ALP activity determined.
Results are expressed as percent of control +/“* SEM.
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and then both ^H-thymidine incorporation and conditioned
medium mitogen activity were assessed as a function of time,
as shown in Table 3 • f
(ie;

■^H-thymidine incorporation into DNA

cell proliferation) was increased within 3 hrs of

exposure (^H-thymidine pool size was not effected). Twentytwo hrs after electric field-exposure cell proliferation had
returned to control levels. When conditioned medium was
measured for mitogen activity, mitogen activity was found
not

to

increase

until

22 hrs

after

exposure.

This

observation (that electric field-exposure increased cell
proliferation before increasing the

amount

of mitogen

activity in conditioned medium) is opposite to the findings
in monolayer chick cell cultures (where electric fieldexposure increased mitogen activity in conditioned medium
before increasing cell proliferation.
0.
Time course for cell proliferation in bone organ cultures:
Since the increase in cell proliferation appeared transient
(see table 3), the next experiment looked at electric fieldstimulated cell proliferation over a 3 day period. Embryonic
chick tibiae were exposed to a 16 Hz electric field for 30
min/d over a 3 d period with a group

(ie;

control and

electric field treated) stopped each day. To assess cell
proliferation, ^H-thymidine was added 1.0 hr after electric
field exposure and the assay terminated 10 hrs later. As
shown in figure 15 • i on day 1 and day 3 cell proliferation
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Table 3. Time course for electric field-stimulated cell
proliferation and mitogen release in organ culture.
Embryonic chick tibiae were incubated in serum-free BGJ^
•5

and then exposed to a 16 Hz electric field for 30 min. JHthymidine was added to a final concentration of 2 uCi/ml
for 2 hr starting at 3, 10 or 22 hrs after electric fieldexposure. The groups were stopped (rinsed and frozen) 2 hrs
later. Just prior to ^H-thymidine addition an aliquot of
conditioned medium
mitogen activity.
control +/" SD.

(CM)

was collected and tested for

Results are expressed as percent of
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Table 3.
EF-stimulation
(percent of control)
^H-thymidine
labeling period
(Hr)

^H-thymidine
incorporation

mitogen activity
in CM

3-5

152 +/- 29
p<.01

90 +/“ 27
NS

10-12

151 +/- 31
p<.01

93 +/- 37
NS

22-24

81 +/“ 13
NS

260 +/“ 60
p< .02
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in these organ cultures was increased whereas on day 2 cell
proliferation was inhibited, suggesting electric fieldstimulated cell proliferation may cycle.
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Figure 15. Time course for electic field-stimulated cell
proliferation in tibia organ culture. Thirteen day old
chick tibiae were exposed over a 3 d period to a 16 Hz
electric field for 30 min/d. On each day, a control group
and a treated group received ^H-thymidine (1.0 uCi/ml) one
hr after electric field exposure. Ten hrs after electic
field-exposure the bones were rinsed and processed as
discribed in Methods. The data is expressed as percent of
non-exposed controls +/~ SEM, n=6.
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DISCUSSION
A.
In the past,

a variety of studies have demonstrated the

presence of electrical phenomena in mechanically loaded bone
(23,24,25).

Those

observations

prompted

investigators to subject skeletal
electrical

perturbations,

a

tissue

number

of

to various

pursuing the hypothesis that

skeletal remodeling due to mechanical loading is mediated by
electrical events in bone. According to this hypothesis, a
mechanical load
(deformation)
perturbation.

in

(such as exercise)
bone

produced a strain

which generated an electrical

Bone cells are believed to be

capable

of

detecting these stress-generated electrical perturbations
and respond accordingly. Consistent with this hypothesis,
previous studies have revealed that electric field exposure
can produce changes in cellular levels of cAMP,

Ca,

and

protein kinase activity (14,37,38,39), and together, those
results have suggested that the electric field signal may be
transduced at the level of the bone cell plasma membrane.
Yet,

despite the fact that numerous clinical and animal

studies have unambiguously demonstrated electrically-induced
effects on bone (5,6,7,8), the mechanism of these actions is
still not completely understood,
control
possible.

of

and consequently,

electrically-induced

osteogenesis

precise
is

not

In order to advance our understanding of the

biochemical mechanism(s)

of electric field stimulated bone
76
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formation,

an in vitro model

in which exposure to an

electric field has been shown to stimulate bone matrix
formation and bone cell proliferation

(30)

has

been

developed.
Because histological studies have shown that osteoblast
number is the primary determinant of bone formation rate
(31) ,

it was reasoned that the effect to increase bone

formation was probably secondary to the effect on cell
proliferation.

Therefore,

attention was focused on the

effects of electric field-exposure to increase the rate of
bone cell proliferation,

in vitro.

In these studies an

electric field with an estimated peak voltage gradient in
the culture medium of 10""^ V/cm was used. Even though the
applied electric field had a considerably lower amplitude
than the

voltage gradients (10-^ V/cm or higher) used by

other investigators (37,38,41), previous studies indicate
that living systems can respond to such lower amplitude
fields. (For example,

it has been shown that sharks and

rays can detect voltage gradients on the order of 10“^ v/cm
(42,43) .
In preliminary studies,

it had been demonstrated that

chick calvarial cells exposed to a low frequency (<100 Hz),
low

amplitude

(10”^ V/cm)

electric field

responded by

increased proliferation, with a maximal effect occurring 18
hrs after the exposure. Combining this observation with the
assumption that growth factors might be involved, and the
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knowledge that

(a)

many growth factors are thought to

initiate cell proliferation by activating protein kinases
and

(b)

cAMP independent protein

kinase activity in

lymphocytes was altered by electric field exposure with a
maximum response occuring after 30 min of exposure (39), an
exposure time of 30 minutes was chosen.

Thus, it has been

assumed that electric field-exposure was effecting cell
proliferation through increased kinase activity or,

at

least, with the same temporal relationship. When chick
calvarial cultures

were exposed to the electric field for

30 min a frequency dependent increase in cell proliferation
(measured 18 hrs later) with a maximum at or near 16 Hz was
observed.
At this point, from experimental observations it was
known that a 30 minute exposure to a low amplitude electic
field

was

sufficient

to

effect

bone

cell

cultures

characterized by an apparent (resonant) maximum at 16 Hz,
but the

mechanism through which this action occured was not

known. Since a 30 minute exposure time had been selected.
with the thought that electric field exposure was acting
like a growth factor, and since it has been shown that chick
calvarial cell cultures condition their culture medium with
mitogen activity (36), the next experiments were designed to
determine whether electric field-exposure changed the amount
of mitogen activity in the cell conditioned medium.
Conditioned medium was collected 18 hrs after electric
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field-exposure,

dialyzed, and its mitogen content measured

on otherwise untreated cultures of chick calvarial cells, A
frequency dependent increase in mitogen activity was found
in conditioned medium from electric field-treated cultures.
when compared to non-treated controls. The maximum increase
in mitogen content was observed at 16 Hz. Together, these
data resulted in the hypothesis of two possible mechansims:
(a) electric field-exposure increased cell proliferation and
the resulting increased number of cells produced more
(total) mitogen activity, or (b) electric field-exposure
increased mitogen secretion,
of the medium.

increasing the mitogen content

which then accounted for the subsequent

increase in cell proliferation. To distinguish between these
two possibilities chick calvarial cells were exposed to the
electric field for 30 min and then the conditioned medium
was transferred to otherwise untreated cultures to test for
mitogen activity. The data clearly showed that the brief
electric field-exposure had increased the amount of mitogen
activity in the conditioned medium within 30 min. Since this
was insufficient time for

cell number to have increased

significantly (the doubling time for the cells is 16 - 18
hrs), it was concluded that the data supported the second
hypothe sis

that

electric

f i e1d-stimu1 ated

cell

proliferation was mediated by an increase in the release of
mitogen activity from bone cells into the culture medium.
(Electric field exposure had no effect on "mitogen activity"
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in culture medium which did not contain cells).
Thus, the data indicated that electric field-exposure
increased cell proliferation by increasing the mitogen
activity of the conditioned medium. Since chick calvarial
cell proliferation,
factors,

stimulated by polypeptide growth

has also been characterized by a maximum increase

in ^H-thymidine incorporation 18 hrs after addition of the
growth factor (44), the time course for electric fieldstimulated cell proliferation was investigated to determine
whether it was also similiar. The time course revealed that
cell proliferation was maximally increased approximately 18
hrs after electric field-exposure. Since the time course for
electric field-stimulated cell proliferation was the same as
the time course for a typical polypeptide growth

factor.

these data are consistent with our assumption that the
increased mitogen activity in cell conditioned medium after
electric field-exposure could be attributed to a cellderived growth factor (s).
The next question addressed was concerned with the
origin of the mitogen activity released by electic fieldexposure. It has been shown that (a) chick calvarial cell
cultures are a heterogeneous mixture of alkaline phosphatase
positive and alkaline phosphatase negative cells, and (b) a
positive correlation has been demonstrated between the
alkaline phosphatase content of chick calvarial cell
cultures and the amount of mitogen activity released from

81
cells into the conditioned medium

(36). Therefore/

the

relationship between the alkaline phosphatase content of
chick calvarial cultures and the amount of increased cell
proliferation following electric field-exposure was
investigated. Using either calvaria or tibiae as the source
of bone cells.

it was found that electric field-stimulated

cell proliferation was dependent on the alkaline phosphatase
content of the cell cultures.
alkaline phosphatase content

Cultures with the higher
(ie;

more differentiated)

responded to electric field-exposure, whereas relatively
undifferentiated cultures (ie; alkaline phosphatase poor)
were not responsive

(with respect to the parameters

measured) to electric field-exposure.

These observations

indicate that the ability to detect such a low amplitude
electric field and respond by a subsequent
mitogen

activity

may

be

a

release of

characteristic

of

more

differentiated osteoblast-type cells and not of less
differentiated osteoblast precursors.
A recent report has shown that even though alkaline
phosphatase positive cells released more mitogen activity
than alkaline phosphatase negative cells, it was the
alkaline

phosphatase

negative

cells

which

showed

the

greatest increase in cell proliferation in response to cell
conditioned medium

(36). Combined with the observations

already presented, the following hypothesis of electric
field-stimulated cell proliferation was formulated. As
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Figure 16. Proposed model of electric field-stimulated
bone cell proliferation.

(1) A low-frequency,

low-

amplitude electric field couples to an osteoblast through
an "antenna receptor".

(2) The activated antenna receptor

releases calcium (Ca) from external or internal stores
creating

a

localized

increase

activating calmodulin (CaM).

in

calcium

thereby

(3) Activated calmodulin then

signals for release of pre-synthesized growth factor(s).
possibly

from

vesicles.

(4)

The

growth

factor(s)

is

released into the culture medium. (5) The growth factor
then binds to a receptor on a pre-osteoblast.

(6) The

growth factor/receptor complex stimulates kinase activity
resulting

in

increased phosphorylation

events.

(7)

A

signal is sent to the nucleus with (8) cell division the
end product.
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depicted

in

Figure 16 • /

the hypothesis

indicates

that

electric field-exposure increased the release of a protein
with mitogen activity from alkaline phosphatase positive
cells,

and then the mitogen

(presumably by binding to

receptors on alkaline phosphatase negative cells)

increased

cell proliferation in alkaline phosphatase negative cells.
If this model is correct, it implies a mechanism whereby an
electric field-exposure interacts with a cell and either
stimulates or enhances release of a mitogen which is present
in the cell.
The previous demonstration that the release of insulin
(which is synthesized and stored in granules) from B-cells
can be effected by electric field-exposure (38)

affords a

possible precedent for the observation of increased mitogen
activity

release

from

chick

cells

by

electric

field-

exposure. Because the mitogen activity that was measured in
the electric field-treated cell conditioned medium was
increased within 30 minutes after the electric fieldexposure,

we reasoned that the electric field was probably

not increasing de novo mitogen synthesis,

but only release

from the cells of a pre-synthesized mitogen factor(s).

To

test this hypothesis protein synthesis was blocked with
cycloheximide,

and then the chick calvarial cells were

exposed to the electric field. When conditioned medium was
collected

30

min

later,

dialyzed

(to

remove

the

cycloheximide), and its mitogen content measured, it was
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found that inhibiting protein synthesis by 90% did not
reduce the amount of electric field-stimulated mitogen
activity released into the culture conditioned medium. This
observation suggested that the increased amount of mitogen
activity released from bone cells following electric fieldexposure was not dependent on nascent synthesis of the
mitogen(s), but was dependent on the release of pre
synthesized mitogen from some storage pool.
The next experiments were designed to investigate the
(possible)

calcium-dependence

of

this

electric

field-

sensitive release mechanism. It was found that decreasing
extra cellular calcium (along with other di-valent metals)
abolished the effect of the electric field exposure to
increase release of mitogen activity (see Results,
D).

section

Since many calcium-dependent processes are also

dependent on the calcium-binding protein calmodulin, the
possibility that electric field-stimulated mitogen release
may be dependent on calmodulin activity was also tested. It
was

found

that

when

the

calmodulin

inhibitor.

trifluoroperazine, was added to the culture medium, electric
field-stimulated mitogen release was blocked, indicating
that both calcium and calmodulin were required for electric
field-stimulated mitogen release.
Because

it has

been

shown that Ca-calmodul in can

activate protein kinases (45,46), resulting in increased
phosphorylation of cellular proteins, the effects of
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electric

f i e1d-exposure

on

protein

(and

lipid)

phosphorylation in bone cells were investigated next. Chick
calvarial cells were exposed to the electric field and the
amount of ^Pi incorporated 10 min after application of test
conditions into protein and into lipids was measured. It was
found that electric field-exposure had no direct effect on
the gross phosphorylation of either proteins or lipids.
However, since only overall (or, total) phosphorylation was
determined, the possibility that electric field-exposure
directly increased the phosphorylation of a specific
protein(s) can not be ruled out.

(Increased phosphorylation

of a specific protein may not significantly alter total
protein phosphorylation in the cells). Interestingly, it was
found that conditioned medium from electric field-stimulated
cultures,

which contained increased amounts of mitogen

activity (compared to conditioned medium from controls) did
increase phosphorylation of both proteins and lipids. Since
polypeptide growth factors have been shown to cause similiar
increases in overall phosphorylation, these data support the
hypothesis that electric field-stimulated cell proliferation
is not a direct effect of electric field-exposure, but is
dependent on the release of a bone cell mitogen(s).
Thus, the hypothesis could be restated as follows. A low
amplitude electric field resonantly coupled (at 16 Hz) to
the

cell

membrane

(or

some

differentiated osteoblasts,

component

thereof)

of

which triggered release of
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intracellular calcium. The calcium bound to and activated
calmodulin. The calcium-calmodulin complex then triggered
release of a pre-synthesized mitogen from the electric
field-exposed osteoblast-like cells. The released mitogen
bound to a

receptor

on

osteoblast

progenitor

relatively
cells,

undifferentiated

producing

increased

phosphorylation events, and ultimately, increased bone cell
proliferation.
As an adjunct to the data from the heterogeneous chick
calvarial cultures

(ie; these cultures contain alkaline

phosphatase positive cells, alkaline phosphatase negative
cells, etc)

the effects of electric field-exposure on the

more homogeneous

cultures of the transformed mouse

osteoblastic cell line, MC-3T3-E1 was investigated. Similiar
to the results with chick calvarial cultures,

exposing MC-

3T3 cultures to the electric field

resulted in

(16 Hz)

increased amounts of mitogen activity in the conditioned
medium, compared to non-treated controls. Interestingly, it
was

also found that

cell

proliferation

in the

MC-3T3

cultures was not increased even though the protein content
of the cultures was increased following electric fieldexposure. With futher investigation it was found that the
assay conditions influenced the effect of electric fieldexposure on MC-3T3 cell proliferation. In the protocol, the
MC-3T3 cells were initially plated with 10% fetal calf serum
and then the medium was changed to serum-free medium. If the
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MC-3T3 cells were exposed to the electric field shortly (30
min) after changing to serum-free medium, an increase in
cell proliferation (18 hrs later) was then observed. If,
however,

the cells were incubated for 24 hrs in the serum-

free medium before being exposed to the electric field.
either no effect or an inhibition of cell proliferation was
found. Interestingly,

both assay conditions resulted in

increased release of mitogen activity from the electric
field-exposed cultures. Since the effects of adding purified
human bone extract (HBE; which contains skeletal growth
factor (SGF)) to the MC-3T3 cultures are quite similiar to
the effects of electric field-exposure, and since MC-3T3
cells have been shown to release a skeletal growth factorprotein

(into their conditioned medium),

it is conceivable

that the mitogen released by electric field-exposure was an
SGF-like protein.
Since it had already been shown that the effects of
electric field-exposure on
frequency-dependent,

with

chick
a

calvarial

maximum

cells

increase

in

were
cell

proliferation occuring at 16 Hz, the next experiment was
designed to determine if MC-3T3 cells would also show a
similiar frequency response.
frequency-dependent

It was

found that

the

response of MC-3T3 cells to electric

field-exposure was similiar to that seen for the chick
calvarial cells,

but with a frequency maximum at 20 Hz

instead of 16 Hz. This could represent a species difference.
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or the difference between normal and transformed cells, or a
difference in the relative maturity of these osteoblast-line
cells. This difference in peak frequency also indicates.
that if electric field-exposure exerts its effects through a
membrane-related resonance,

the component of the membrane

that interacts with the electric field may have variable
constants or constants that differ between systems,

(ie;

if

the resonant system were modeled as a spring, the spring
constant would be variable).
Because the data clearly showed

that electric field-

exposure could increase bone cell proliferation,

in vitro.

and because bone cell number is the primary determinant of
the rate of bone formation, in vivo (31), it was concluded
that electric field-exposure should also increase bone
matrix formation (ie;

measured by ^H-proline incorporation

into collagen) in embryonic chick tibiae. When two exposure
regimes were used.

it was found that either a 30 min/d

exposure or a continuous exposure could increase bone matrix
formation (ie; compared to non-treated controls), but the 30
min/d exposure increased bone matrix formation to a greater
extent than the continuous exposure (30). This may reflect a
desensitization process to continuous electric field
exposure.
Consistent with the hypothesis that electric fieldexposure increased bone formation by increasing bone cell
number, conditioned medium from electric field-treated bones
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also contained increased amounts of mitogen activity. Also
consistent

with

increased bone cell number was the

observation that alkaline phosphatase content of the
electric field-treated bones was increased, compared to
controls.

In contrast to findings with cell

cultures.

increased cell proliferation in the tibiae organ cultures
was detectable before an increase in mitogen activity in the
conditioned medium. These results could be explained as
follows:

(a) alkaline phosphatase positive cells on the bone

surface are stimulated by the electric field to release
mitogen activity,

(b) the alkaline phosphatase negative

progenitor cells,

which cover the alkaline phosphatase

positive cells and lie between them and the medium, are
stimulated to proliferate and, (c) after sufficient time for
diffusion of mitogen activity past the progenitor cell
layers has occured, we could then detect the mitogen in the
conditioned medium.
In summary,

those studies described here show that

skeletal tissues can respond to extremely low-amplitude
electric field exposure by a Ca/calmodulin-dependent release
of stored cell mitogens which then act locally to increase
osteoprogenitor cell proliferation, thereby resulting in
increased cell number and increased bone formation. Thus,
the data indicate a (potential) biochemical

mechanism for

the previously unexplained phenomenon of electric fieldstimulated bone formation. In as much as electric field-

91
exposure may mimick the effects of mechanical loading on
bone, our data may also be applicable to the mechanism of
mechanical loading. Additional studies, will be required to
identify the mitogens released in response to electric
field-exposure and to determine whether our mechanistic
model is applicable in vivo.
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